INTRODUCTION

Background: Fossil Behaviour
Fossil remains of organisms provide an important source of knowledge about organisms that lived in the past, but which are extinct today. With this, fossils are an important source of knowledge for evolutionary reconstructions. Especially for understanding character transformation, fossils can shed light on evolutionary transitions of morphological structures (e.g., Haug, J.T., et al., 2010 Haug, J.T., et al., , 2012a ). Yet, information provided by fossils is not exclusively limited to aspects of morphology. Usually, fossils provide only little information about the behaviour of once-living organisms but there are certain exceptions. For example, trace fossils provide insights into behavioural traits, but they are often difficult to link to specific body fossils (Johnson et al., 1994; Braddy and Briggs, 2002; Shear and Edgecombe, 2010; Minter et al., 2012) . Nevertheless, in a few cases also a more direct connection of body fossil and behaviour is preserved. Especially amber is well suited to highlight behavioural aspects in direct correlation to a body fossil. When organisms are trapped in the viscid resin, they die so fast that they often fossilise in life-like conditions (Arillo, 2007) . Hence, descriptions of specimens are available that show intraspecific or interspecific interactions or reactions, e.g., stress behaviour (Arillo, 2007) . Examples of this kind of "frozen behaviour" were described by several authors, e.g., mating, oviposition, food transport, predator-prey interaction or parasitism (Arillo, 2007 and references therein) .
Yet cases of the 'frozen behaviour' category are rare. Alternative approaches can be based on morphological comparisons to modern counterparts from which possibly similar behaviours in extinct organisms can be inferred. While this line of argumentation is not a general one applied in biological sciences , it is a useful tool in historical sciences (which includes deep time discussion of palaeontological and biological research). Principle concepts of such an approach are addressed as the 'smoking gun' practice (Cleland, 2002) . This means that the information we find today is used to reconstruct what happened in the past. Applying this concept to fossils aims at interpreting observed morphological details of the fossil individual in a behavioural context of modern forms (e.g., Haug, J.T., et al., 2013a) .
Background: Examples of Social Behaviour in the Fossil Record
Within arthropods, different types of social behaviour can rarely be inferred in the fossil record, and even if, as the above mentioned examples demonstrate, usually uncertainties remain. Indirect phylogenetic evidence is the more common tool for addressing such questions. Only a few fossils with direct or indirect indications for social behaviour, mainly in the form of brood care behaviour, were described. An example for direct indication for brooding, and possibly further brood care, is a specimen of the Silurian ostracod Nymphatelina gravida, which is preserved with eggs and possible juveniles within its shield (Siveter et al., 2007) . Specimens of trilobites preserved with supposed brood pouches were shown by Fortey and Hughes (1998) . A further example is a pholcid spider carrying an egg sac preserved in Baltic amber; within these eggs, spiderlings close to hatching are visible (Weitschat and Wichard, 2002) . Several specimens of Dominican and Baltic amber with inclusions of worker ants with larvae and pupae were depicted by Schlee (1980) and Weitschat and Wichard (2002) .
A combination of phylogenetic and morphological argumentation can be applied to centipede myriapods: Representatives of Scutigeromorpha and Lithobiomorpha lay single eggs (plesiomorphic condition; Rosenberg, 2009) , camouflage them with the aid of a specialised gonopodal claw and do not further care for their offspring. Fossils from the Silurian (Jeram et al., 1990) indicate an early origin of this strategy. Representatives of the unusually well-preserved Devonian centipede species Devonobius delta appear to lack the specialised gonopodal claw (Shear et al., 1998) . This indicates that this species is either the sister species or an ingroup of Phylactometria, as all phylactometrians lack the gonopodal claw and perform extended brood care for the eggs and young. Therefore, brood care might be present since the Devonian within Chilopoda. A definite indication for brood care is provided by the phylactometrian species Mazoscolopendra richardsoni from the Car-boniferous Mazon Creek Lagerstätte (part of this discussion in .
A particularly strong though indirect phylogenetic argument for extended brood care is an ingroup position of a species in a monophyletic group of eusocial forms, as eusociality is lost only rarely (Kranz et al., 2002; Danforth et al., 2003) . Examples of easily recognisable eusocial groups are ants, certain groups of bees and wasps and, especially interesting due to the close relationship to the present case, termites. The supposedly oldest evidence of the latter group (and putatively for eusociality as a whole) is a single specimen in amber from the early Cretaceous (Vršanský, 2010) . The specimen has been treated as a 'eusocial cockroach', but also as an ingroup of termites (Vršanský, 2010, p. 796) . Based on the available details it is not possible to clarify this issue, yet an ingroup position within termites is at least plausible, hence providing an indication of social interaction.
Background: Amber
While amber provides an exceptional form of fossil preservation, which is likely to facilitate the reconstruction of fossil behaviour, it also has some disadvantages. The documentation of animals preserved in amber can be challenging and still differs significantly from documenting extant specimens (see discussion in Hädicke et al., 2013) . Hence, to extract the maximum of information from an amber fossil, the optimal method for each individual specimen needs to be determined (see discussion in Haug, J.T., et al., 2013b) .
Background: the Group in Focus
Dictyoptera sensu lato is an ingroup of Neoptera, the insects that can fold their wings over the abdomen. Within Dictyoptera s.l., three general morphotypes are recognised: roach-like forms, mantodeans and termites. While nowadays the monophyly of Dictyoptera s.l. is generally accepted (e.g., Hennig, 1969; Beutel and Gorb, 2006; Klass and Meier, 2006) , the internal relationships are still partly debated (Djernaes et al., 2012 and references therein) . The most remarkable autapomorphy of Dictyoptera sensu stricto (sensu Béthoux et al., 2009 , hence excluding numerous Palaeozoic roach-like insects) is the ability to generate oothecae (e.g., Klass, 1998; Bohn and Klass, 2003; Grimaldi and Engel, 2005; Klass et al., 2012 ). An ootheca is an egg-package which is produced in all modern cockroaches, mantodeans and the termite Mastotermes darwiniensis, the sister species to all other termites (Isoptera). Consequently, it must be concluded that the ability to produce oothecae is a plesiomorphic character retained from the stemspecies of Dictyoptera s.str., and that Isoptera (except M. darwinienis) lost this ability (e.g., Nalepa and Lenz, 2000; Klass and Meier, 2006; Ware et al., 2010) . The oldest unequivocal and direct fossil evidence of such an ootheca was depicted by Grimaldi and Engel (2005) . This putative representative of Blattellidae from the Cretaceous Crato Formation of Brazil is preserved with an ootheca still connected to the abdomen. Additional similar appearing specimens were reported by Hörnig et al. (2013) . Only two other unambiguous fossil oothecae have been reported so far: one from the Late Cretaceous of Israel (Anisyutkin et al., 2008) and one specimen in Miocene amber (Poinar, 2010) . Carboniferous oothecae have been described by Pruvost (1919 Pruvost ( , 1930 and Laurentiaux (1960) . Yet, the interpretation of these fossils has been repeatedly questioned (e.g., Rasnitsyn and Quicke, 2002 and references therein; see also discussion in Hörnig et al., 2013) .
The generation of an ootheca represents a basic type of care for the offspring, as the eggs are better protected than individually deposited eggs. Additionally, there is a wide range of more intense brood care adaptations and social behaviour within modern dictyopterans (e.g., Grandcolas, 1996 Grandcolas, , 1998 Park et al., 2002; Grandcolas, 2003, Pellens et al., 2007) . Adult females of different species of Blattodea carry the ootheca with themselves (Tallamy and Wood, 1986; Nalepa and Bell, 1997) , retract the ootheca into a brood pouch ('ovovivipary'; Nalepa and Bell, 1997; Klass and Meier, 2006) , or even internalise the complete brood care process ('vivipary'; Roth and Stay, 1961; Ingram et al., 1977; Tallamy and Wood, 1986; Grandcolas, 1996; Nelepa and Bell, 1997; Williford et al., 2004) .
More extensive brood care behaviour that extends beyond the point of hatching is only possible if nymphs do not immediately disperse, i.e., with hatchlings that actively aggregate. This special type of social interaction restricted to survival, growth and development of the offspring is usually called 'subsociality' (Tallamy and Wood, 1986) . It is thought to be a pre-requisite toward more complex behaviour (in the extreme case eusocial behaviour, which is characteristic for isopterans; Legendre et al., 2008) .
This large variation of different brood care adaptations is important to be considered in evolutionary reconstructions of Dictyoptera s.str. The great variety of different degrees of brood care and social behaviour within Dictyoptera s.str. provides the opportunity to gain insights into the evolution of subsocial and eusocial behaviour in general. These different adaptations also have the potential to contribute to the reconstruction of the relationships within Dictyoptera s.str., as they represent complex characters.
We report here a first example of a fossil indication for nymphal social interaction of a 50 million year old cockroach. We see it as an important contribution to the reconstruction of the evolution of complex behaviour within Dictyoptera. As the fossils are preserved in amber, we additionally explore a wide range of documentation methods to extract the maximum information from these specimens.
MATERIAL AND METHODS
A single piece of amber with inclusions was investigated. The specimen with the collection number BSPG 1967 XX is housed in the Bayerische Staatssammlung für Paläontologie und Geologie, Munich, Germany. The amber piece was part of the former Scheele collection and is therefore supposed to be Baltic amber (Eocene, 40-50 Ma; Weitschat and Wichard, 2010) . It comprises a group of blattodean nymphs and a nematoceran fly.
For morphological comparisons, a hatchling of the extant species Periplaneta americana and an early instar of the likewise extant species Blaberus craniifer were used. Specimens of Blab. craniifer and oothecae of P. americana were taken from the breeding at the Zoological Institute and Museum of the Ernst-Moritz-Arndt-University of Greifswald. Shortly after hatching, the nymphs of P. americana and Blab. craniifer were fixed in 70% ethanol and subsequently documented (see below).
Additional pieces of Baltic amber, each with an inclusion of single blattodean nymphs, were documented for comparison. Specimen PE 61065 is part of the collection of the Field Museum of Natural History (FMNH), Chicago. Specimen ZMUC 901795 is part of the collection of the Zoological Museum in Copenhagen (ZMUC).
The description of specimen BSPG 1967 XX, as well as that of the extant nymph of P. americana is provided as a descriptive matrix (Haug, J.T., et al., 2012b ; Appendix 1).
Light-based Documentation
For photographic documentation, convexity, concavities and fissures of the surface of the amber piece were compensated by applying pure glycerol (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and by covering with a cover slip (Haug, J.T., et al., 2013b; Hädicke et al., 2013) . In order to reduce reflections, polarisation filters were used in front of light sources and lenses (see e.g., . A Canon Eos Rebel T3i camera equipped with a MP-E 65 mm macro objective and a Macro Twin Lite MT-24 EX flashlight was used for overview images. To generate stereo images (red/ cyan), two photographs from different angles were recorded and then edited and arranged with Adobe Photoshop CS3 (see e.g., . Close-up images were taken using a Zeiss Axiophot compound microscope equipped with a Scopetek DCM 510 ocular camera. 2.5x and 4x objectives were used which resulted in 25x and 40x magnifications. Up to 30 images in 60 µm, respectively, 30 µm distance along the z-axis were taken and fused with Image Analyzer to produce consistently sharp images. Several image sections were stitched with the Photomerge function of Adobe Photoshop CS3. Based on the stacks, virtual surface reconstructions were calculated using Image Analyzer (see Haug, J.T., et al., 2012c Haug, J.T., et al., , 2013b ).
An early instar nymph of Blaberus craniifer and the head of a hatchling of Periplaneta americana were documented on a Keyence BZ-9000 and a Nikon Eclipse 90i fluorescence microscope, respectively, under autofluorescence conditions. As described above, image stacks were recorded from different image details, fused with CombineZM/ZP, and stitched to receive a highresolution composite autofluorescence image (see Haug, J.T., et al., 2008 .
X-Ray Micro-computed Tomography and Reconstruction
Micro-CT scanning was performed using a XRadia XCT-200 (Carl Zeiss Microscopy GmbH, Jena, Germany) equipped with switchable scintillator-objective lens units, which give the system a flexible field of view (details see Sombke et al., 2015) . The sample was mounted on a stage and centred. Tomographies were performed using magnifications of 0.39x and 4x objectives with Xray source setting at 40 kV and 8 W for 1 s acquisition time. Image stack properties were: (1) overview scan: system based calculated pixel size = 33.6 µm, 1024 x 1024 px; (2) detail scan: system based calculated pixel size = 3.39 µm, 1015 x 1015 px. Tomography projections were reconstructed using the XMReconstructor software (Carl Zeiss Microscopy GmbH, Jena, Germany), resulting in image stacks (TIFF format). All scans were performed using Binning 2 and subsequently reconstructed using Binning 1 (full resolution) to avoid information loss.
Volume renderings were generated using Amira 5.6 (FEI, Hillsboro, OR, USA) and Drishti 2.4 (http://sf.anu.edu.au/Vizlab/drishti/index.shtml). Manual surface reconstructions of the mouthparts of a single nymph were performed using Amira 5.6, exported as obj.-file and further processed in Blender (Garwood and Sutton, 2010; .
RESULTS
Taxonomic Remarks
The individuals described here are treated under open nomenclature, i.e., not attributed to a species, as the individuals most likely represent hatchlings (see below). Even among extant species we rarely have sufficient information about the morphology of the hatchlings; consequently the situation is worse in fossil species. We also do not want to introduce a new name for the here described individuals, which quite likely would need to be synonymised with a corresponding, already named adult later on. Assigning such early immature individuals to a specific sub-group of Dictyoptera s.str., or even a species, will demand for a reconstruction of ontogenetic sequences in fossil species combined with a rigid comparison to ontogenetic sequences of extant species. Detailed descriptions of ontogenetic sequences with focus of the morphology of the young, which are needed for the assignment to a specific subgroup, are not available in the literature for most arthropod species in general. Thus, as this is not the focus of the present study, a thorough systematic interpretation is clearly beyond our current scope.
Description of Inclusions of Specimen BSPG 1967 XX
The amber piece BSPG 1967 XX includes an aggregation of at least 13 cockroach nymphs (Figure 1 ; because the nymphs are partly covered by each other, as well as other inclusions, the number of animals could only be determined by micro-CT data). Three nymphs are incomplete, which possibly is a result of the original preparation of the amber piece (grinding). All nymphs appear weakly sclerotised and have nearly the same body size. As an example, one nymph was investigated using micro-CT, 3D-reconstructed and measured (a complete detailed description of the specimens, as well as a hatchling of Periplaneta americana for comparison, is provided as a descriptive matrix; Appendix 1). The total body length (without appendages) of this representative nymph is about 2.5 mm and total body width (without appendages) about 0.8 mm.
Head. The head capsule in dorsal view is dropshaped and about 0.8 mm long and 0.7 mm wide (without palps). Ocular segment and post-ocular segments 1-5 (insect terminology [IT] : antennal, intercalary, mandibular, maxillary and labial segment) are dorsally contributing to the head capsule. The head capsule is freely articulated against the next posterior segment.
Compound eyes appear to be absent ( Figure  2 The proximal central part (stipes) has two median endites; a proximal one (lacinia) and a distal one (galea). Disto-laterally an elongate structure (maxillary palp) arises from the stipes. The distal endite (galea) is about 0.3 mm long and 0.15 mm wide. The maxillary palp is equipped with setae and subdivided into five elements. The entire length of the maxillary palp is about 1 mm. Appendages of postocular segment 5 (IT: labium; AT: maxilla) are medially conjoined and equipped with pronounced enditic median protrusions (pointing relatively anteriorly; paraglossa and glossa) and distal elongate structures (labial palps). The paraglossa is about 0.2 mm long and 0.1 mm wide. The labial palp is equipped with setae, subdivided into four elements and about 0.35 mm long. Thorax. Post-ocular segments 6-8 (thoracic segments 1-3) each dorsally possess a separate, weakly sclerotised tergite (pronotum, mesonotum and metanotum). The pronotum is about 0.8 mm wide, slightly longer than 0.5 mm and is partly 6 overhanging the head capsule (only the posterior region). The mesonotum is about 0.8 mm wide and 0.4 mm long. The metanotum is about 0.8 mm wide and 0.4 mm long. The entire length of the thorax is about 1.25 mm. Appendages of post-ocular segments 6-8 (thoracic segments 1-3) are each divided into coxa, trochanter, femur, tibia, tarsus and pretarsus. The entire length of thoracic legs are: prothoracic leg about 2.3 mm, mesothoracic leg about 2.5 mm and metathoracic leg about 3 mm. Abdomen. Post-ocular segments 9-16 (abdominal segments 1-8) dorsally possess a separate, weakly sclerotised tergite. Post-ocular segments 17-19 (abdominal segments 9-11) are not observable. The length of the abdomen (post-ocular segments 9-19) is about 1.2 mm. Styli (appendages of post-ocular segment 17) are slightly curved and about 0.15 mm long. Appendages of post-ocular segment 19 (cerci) taper to a fine apex on the distal end and are about 0.5 mm long and at the base 0.1 mm wide.
Preservation of the Specimen
Amber pieces are often the results of several flows of liquid resin, which also seems to be the case here. At least two different flow events seem to have generated this piece, as recognisable by an apparent layer within the amber. This knowledge needs to be considered when interpreting the specimens within the amber. For example, the antennae of the nymphs are partly held close to the body, which is a rather unusual position. Most likely the specimens became attached on top of the first resin flow, died and were then covered by a second flow. The event of death and the mechanical force of the second resin flow could have caused the specific position of the antennae and legs (further possible interpretation of position of legs and antennae in discussion below).
DISCUSSION
Comparing Documentation Techniques
Different documentation techniques provide different types of information and have different advantages and disadvantages. One of the principle advantages of light-based methods is that they can be applied to comparably large sample sizes because they are less time consuming. For applying X-ray based methods such as micro-CT, specimens have to be transported from their storage site to the imaging device, while light-based methods either rely on widely available (microscopes) or even transportable (camera set-ups) equipment and therefore permit to document a specimen right in the collection where it is housed. In the present case the single specimen could be loaned and sent to our lab, hence these two advantages of lightbased methods do not have any effect. Stereo imaging (with a camera) is an elegant way of providing topographic information (Figure 3 ) in a very fast way. The documentation of the specimens using a compound microscope has the advantage that finest details such as setae can be observed (Figure 2 ). With the procedure described by Haug, J.T., et al. (2013b) , additional topological information can be gathered in such images. Both lightbased methods, macro-and micro-photography, also have the advantage to provide colour information, which is a quite important aspect because colour provides additional information about the degree of sclerotisation of the cuticle or the presence of compound eyes.
The advantage of using micro-CT is the possibility to generate a virtual reconstruction of the FIGURE 2. Close-ups of nymphs in amber (BSPG 1967 XX) . 1, Overview of a single nymph (red-coloured specimen in Figure 4) . 2, Head with antennae and maxillary palp equipped with setae of specimen in 1, compound eyes not observable. 3, Cerci equipped with setae (blue-coloured specimen in Figure 4) . 4, Close-up of antenna equipped with setae (yellow-coloured specimen in Figure 4) , arrows point to setae. Abbreviations: a4-a6, abdominal segments 4-6; an, antenna; ce, cercus; hc, head capsule; mp, maxillary palp; ms, mesonotum; mt, metanotum; pn, pronotum; pl, coxa of prothoracic leg; ta, terminal article of the antenna. amber piece including the animals, which allows viewing from various perspectives that reach further than the virtual surface reconstruction (Figures  4 and 5) . With light-based methods, viewing angles are usually limited (in contrast to extant specimens, see Figure 6 ), because in thin amber pieces often two sides are available; in thicker pieces often only one side can be observed. The lower side might also be concealed by secretions, excretions, and/ or gases, other inclusions, as well as distortions of surrounding resin due to movement of the specimen during the embedding process or caused by layering (summarised in Hädicke et al., 2013) .
In the present case, the amber piece had been ground from three sides. Virtual surface reconstruction allows access of a few additional degrees while only virtual models based on the micro-CT data set allow viewing specimens from all possible angles. Additionally, micro-CT can allow a view inside the specimen (Figure 4) . Although the individuals in the present case are 'hollow' and do not provide any internal details, concealed structures may in other cases become visible in the tomographies. In our study the tomography reveals a detailed overview of the mouthparts (Figure 7) . Very small and thin structures such as setae can be visualised based on CT-data sets. Yet, this can be challenging due to the low absorption contrast between cuticula and amber. Fine details are visible in the virtual slides, but often cannot be visualised in volume renderings. In Amira, which is one of the often used software programs for CT-datasets, the setting possibilities of the array for rendering are restricted to displacements along the x-axis of the histogram. Only a combination of several different 'exposures' reveals the setae (Figure 8 ; comparable to methods from photography; Haug, C., et al., 2013b) . A better option for visualisations based on CT-data sets with low contrast seems to be the open source software Drishti. Here, it is possible to choose arrays of the histogram more precisely along the xand y-axis which allows a more detailed visualisation in such cases (Figure 9 ). Indeed, also render- In conclusion, all methods used here have their specific advantages and limitations. Therefore, only a combination of different methods allows the extraction of available details.
Ascription to Dictyoptera
The individuals enclosed in the amber piece are identified as early post-embryonic developmental stages of cockroaches, also known as nymphs (at least in anglo-american literature). The nymphs possess chewing mouthparts and dictyopteran-type cerci (about 3-4 times longer than wide; not curved, tapering distally; Figure 2 ). The cerci of dictyopterans are usually subdivided into several elements (e.g., Rasnitsyn and Quicke, 2002) . However, the cerci of the here described nymphs in amber appear to lack any subdivision, possibly because they represent an early developmental stage (see below). The identification of the nymphs as cockroaches is based on the morphology of the pronotum, which covers the head posteriorly. Also, specialised features of other dictyopteran ingroups are absent. For example, unlike in mantodeans, the foreleg is not elongated in proportion to midand hindleg, and all legs are equipped with numerous setae.
Interpreting the Fossil
A Case of Hatching? All cockroach nymphs described here have the same body size and are certainly at the same stage of development ( Figure  1) . Their small body size and their stage of development suggest that these nymphs represent hatchlings. The absence of pigmentation may indicate that they hatched shortly before the resin inclusion. Shortly after hatching or moulting, the cuticle of insects is soft and unpigmented, but it hardens and darkens very fast. Indeed, the lack of pigmentation of the nymphs could be an effect of preservation conditions. Chemicals within the amber usually react with the fossil and may partly change its colouration, but it seems unlikely that the amber chemicals caused the complete absence of pigmentation. If this were the case, the amber itself probably would have darkened massively. Examples for well pigmented older nymphs from Baltic amber are shown in Figure 10 .
There is no remnant of an ootheca preserved in the present specimen which would support the FIGURE 5. Volume renderings of one nymph of BSPG 1967 XX (red-coloured specimen in Figure 4 ) in about lateral (1-2), ventral (3-4), and dorsal (5) views generated with Drishti 2.4 based on micro-CT data. Abbreviations: cl, clypeus; co I, coxa of prothoracic leg; fe I, femur of prothoracic leg; lr, labrum; md, mandible; pt I, praetarsus of prothoracic leg (tibial claw); ta I, tarsus of prothoracic leg; ti I, tibia of prothoracic leg; a1-a7, abdominal segments 1-7. Other abbreviations are the same as in Figure 2. interpretation of a recent hatching event. Yet, the position of legs and presumably antennae close to the body of some of the nymphs could be interpreted as folded as in an embryonic position, while other nymphs just started unfolding their appendages. These postures would support the interpretation of the nymphs as just hatching.
One could also argue that the nymphs belong to a species which performs ovipary or ovovivipary and that the specimens in fact represent late embryos; in such a case the mother could have been forced to release her offspring too early due to the threat of the amber. Yet, it is difficult to find positive support for such an assumption. If this would be the case, we would expect remains of an ootheca or that the embryos would be arranged in rows in accordance with the position of the young in the ootheca. Vivipary in general seems also FIGURE 6. Nymphs of the extant species Periplaneta americana (1-3) and Blaberus craniifer (4-5). 1-3, Hatchling of P. americana in dorsal (1), lateral (2), and ventral (3) views documented with compound microscope. 4-5, Early instar nymph of Blaberus craniifer in ventral (4) and dorsal (5) views documented with composite autofluorescence microscopy. Abbreviations: co III, coxa of metathoracic leg; fe III, femur of metathoracic leg; ta III, tarsus of metathoracic leg; ti III, tibia of metathoracic leg. Other abbreviations are the same as in Figure 2 and 4. 12 unlikely, because there is just one viviparous blattodean species known so far, Diploptera punctata and nymphs of this species were described as relatively large (in relation to body size of the adults) and far developed when emerging from the mothers brood pouch (Nalepa and Bell, 1997) . So far, hatchlings of insects have rarely been described in the fossil record (Haug, J.T., et al., 2015) , including dictyopterans (Hörnig et al., 2014) . A Case of 'Nymphal Gregarism'? Cockroaches exhibit a wide range of different types of intraspecific behaviour reaching from solitariness, active gregarism of nymphs, over to gregarism of nymphs and adults to brood care behaviour such as feeding and protecting the offspring (Grandcolas, 1998; Legendre et al., 2008 Legendre et al., , 2014 . Gregarious behaviour of nymphs ('nymphal gregarism') is displayed by various species, e.g., Blattella germanica (see Ishii and Kuwahara, 1968; Ame et al., 2004) , Lanxoblatta emarginata and Phortioeca nimbata (Legendre et al., 2008) , and to a certain degree by Periplaneta americana (see Leoncini and Rivault, 2005) . Various advantages for nymphs living in aggregations were summarised by Bell et al. (2007) : protection against predators, enhanced availability of nourishment, ability to create a specific microenvironment (protection against water deficit), and beneficial group effects on development. Olfactory, visual, acoustic, or tactile stimuli, or various combinations of these may initiate the animal's aggregation. Chemical stimuli can be pheromones (Ishii and Kuwahara, 1967; Bell et al., 1972; Burk and Bell, 1973; Leoncini and Rivault, 2005) , but also volatile and contact chemicals of excrements (Sakuma and Fukami, 1990; Bell et al., 2007) .
For the here described group of 13 enclosed cockroach nymphs we suggest a case of 'nymphal gregarism' behaviour. Yet, closely considering their morphology, some additional aspects are obvious: beside the lack of pigmentation, compound eyes are not clearly visible and antennae and cerci seem to be less developed due to relatively few subdivisions. Gregarious nymphs usually must be able to survive on their own. Considering their poorly developed sensory structures we therefore want to explore an additional possibility. A Case of Brood Care? As pointed out above, 'nymphal gregarism' is thought to be a pre-requisite for a more complex brood care behaviour. This does not mean that all species that show nymphal gregarism also show extended brood care. However, if nymphs disperse immediately after hatching, extended brood care is impossible. The hatchlings of P. americana and the nymphs in amber are quite alike in body length and general morphology, but, seemingly in contrast to the nymphs in amber, the compound eyes of P. americana (as in most other cockroach species) are clearly recognisable being well developed and pigmented at hatching (Figure 6 ). The presence and mode of parental brood care behaviour is correlated with the developmental status of the hatchlings in extant cockroach species (Nalepa and Bell, 1997) . The hatchlings of several extant (sub-) social species are blind and weakly sclerotised and dependent on shelter and feeding by their parents (Tallamy and Wood, 1986; Nalepa and Bell, 1997) . Hatchlings with soft and unpigmented cuticle are more likely to be captured by predators such as ants or also conspecifics (cannibalism) (Nalepa and Bell, 1997) .
In the case of the here described nymphs in amber, compound eyes are not detectable at all. This is very unlikely to be an artefact due to specific preservation as generally compound eyes in insects preserved in amber are very prominent (examples of cockroach nymphs with apparent eyes in Figure 10 ), suggesting that the compound eyes are not yet developed in this early stage. Another character worth considering is the number of elements of antennae and cerci. The antennae of the nymphs in amber are composed of less than half of the number of elements of P. americana hatchlings (47 vs. 19), while the antenna of P. americana is just about a third longer than the antenna of the nymphs in amber (in relation to the body). Early instars of Blaberus craniifer exhibit nearly the same number of antennal elements, but the antenna is distinctly shorter ( Figure  6 ). The notably lower number of the antennal and cercal elements, in relation to the length, indicates the less advanced developmental status of the nymphs in amber. During ontogeny, the number of antennal elements increases in polyneopteran insects (e.g., Hockman et al., 2009 ) and hence the low number found in this case indicates an immature state. For a clearer statement about a correlation of the number of antennal elements of the fossil species, it would be beneficial to know the adult antennal morphology, or at least that of more advanced nymphal stages. The cerci are entirely FIGURE 9. Comparison of volume renderings of one nymph of BSPG 1967 XX generated by Amira 5.6 (left) and Drishti 2.4 (right) (images with system based pseudocolour). Note especially the differences of the level of details in the marked areas (arrows). lacking any subdivision. The early developmental state of antennae and cerci would be compatible with this species depending on brood care.
It has been shown that nymphs of certain species with brood care have elongated and specifically shaped mouthparts for feeding on excretions or maternal secretions (e.g., Cryptocercus punctulatus, Phlebonotes pullens, Perisphaerus sp.; Tallamy and Wood, 1986; Nalepa and Bell, 1997) . Therefore, the mouth parts of one nymph in amber were reconstructed (Figure 7) . Our results suggest that the mouth parts of the fossil nymphs do not appear to be specialised for this kind of feeding.
Another aspect worth mentioning is that the maxillary palps are well-developed and show an advanced, most likely fully functional, state of FIGURE 10. Blattodean nymphs in Baltic amber. 1-4, Specimen PE 61065, dorsal view (1), distinct pigmentation of cuticula visible; ventral view (2); and stereo-images of PE 61065 (3-4). Images presented as red-cyan stereo-anaglyphs; please use red-cyan glasses to view. 5-6, Specimen ZMUC 901795, close-up image of the head (5) and closeup image of the head lateral view (6). Abbreviation: ml, femur of metathoracic leg. Other abbreviations are the same as in Figures 2 and 4. development. Maxillary palps possess contact-chemosensory (gustatory) capabilities. These might have served these nymphs as a sensory structure for keeping in touch with their siblings. Even longer palps seem to play an important role for communication in termites (Vršanský, 2010) . For a clear statement about the correlation between the length of maxillary palps and possible chemosensory capabilities, analysing number, distribution, and identification of sensilla types would be necessary, but this point could not be resolved in the present study.
In summary, there are some morphological indications that the nymphs in amber were depending on parental care. These include the morphology of antennae, cerci and maxillary palps and the absence of pigmentation and presumably of eyes.
CONCLUSIONS
Our investigation of a single piece of amber with 13 cockroach nymphs reveals that: 1) A wide range of techniques is necessary to extract the largest possible amount of preserved details; 2) The specimens could represent a case of a group of blattodean nymphs hatching from an ootheca, which would represent the first fossil record of such a process, and 3) alternatively, the fossil could represent a case of social interaction (nymphal gregarism and/or extended parental care), which would likewise represent the first case of a fossil record of this behaviour in non-termite cockroaches.
